The interaction of bovine respiratory syncytial virus (BRSV) nucleocapsid protein (N) with itself and phosphoprotein (P) was investigated using the yeast two-hybrid system. N-P interaction was abolished by any of a series of internal deletions or deletions at the C terminus. In contrast, removal of up to 32 amino acids from the N terminus had little effect. Interestingly, while removal of the C-terminal 32 amino acids ablated interaction, it was largely restored by a second deletion removing up to 32 amino acids from the N terminus. Many of these interactions of the BRSV N protein demonstrated a pattern that was similar to those occurring in the N protein of related viruses. N-N interaction was abolished by any of the internal deletions ; however, removal of up to 32 amino acids from the N terminus or C terminus was tolerated and increased the strength of the interaction between the two N proteins.
The interaction of bovine respiratory syncytial virus (BRSV) nucleocapsid protein (N) with itself and phosphoprotein (P) was investigated using the yeast two-hybrid system. N-P interaction was abolished by any of a series of internal deletions or deletions at the C terminus. In contrast, removal of up to 32 amino acids from the N terminus had little effect. Interestingly, while removal of the C-terminal 32 amino acids ablated interaction, it was largely restored by a second deletion removing up to 32 amino acids from the N terminus. Many of these interactions of the BRSV N protein demonstrated a pattern that was similar to those occurring in the N protein of related viruses. N-N interaction was abolished by any of the internal deletions ; however, removal of up to 32 amino acids from the N terminus or C terminus was tolerated and increased the strength of the interaction between the two N proteins.
Bovine respiratory syncytial virus (BRSV) is a major cause of bronchiolitis and pneumonia and is economically significant to the cattle industry (Bohlender et al., 1982 ; Stott et al., 1980 ; Stott & Taylor, 1985) . BRSV is a member of the genus Pneumovirus of the family Paramyxoviridae, which also includes human respiratory syncytial virus (HRSV). BRSV and HRSV are similar in gene and protein composition and are antigenically related at the level of N, P, M and F proteins (Lerch et al.,1989 ; Mallipeddi et al., 1990) , with the major antigenic difference in G protein (Lerch et al., 1989 ; O = rvell et al., 1987 ; Taylor et al., 1984) .
The genome of RSV is a single-stranded negative-sense RNA approximately 15 000 nucleotides in length. The BRSV genome, like that of HRSV, encodes ten proteins (Lerch et al., 1989 ; Mallipeddi et al., 1990) . Four of the ten proteins are associated with the nucleocapsid : the RNA binding major nucleocapsid protein N, the phosphoprotein P, the second Author for correspondence : Siba K. Samal.
Fax j1 301 935 6079. e-mail ss5!umail.umd.edu matrix protein M2 and the large polymerase protein L (Collins et al., 1996) .
The N protein tightly wraps the genomic RNA and is, therefore, present in large quantities. The P, M2 and the L proteins are much less abundant. The ribonucleoprotein (RNP) complex of RSV is believed to contain the viral proteins necessary for replication and transcription of the viral genome (Barik, 1992) . During transcription, gene start\stop signals are recognized and ten capped and polyadenylated mRNAs are generated. Replication, on the other hand, generates encapsidated, full-length antigenomic RNA. The switch from transcription to replication is not fully understood. It is thought that the concentration of the N protein plays a role in the switch. A complete understanding of transcription and replication will require knowledge about how different proteins of the RNP complex interact with each other. The domains of P protein necessary for BRSV N-P interaction have been studied using a yeast two-hybrid system (Mallipeddi et al., 1996) . In this report, we describe the use of the same system to map the domains of N protein necessary for interaction with P protein. Furthermore, we have studied the domains of N protein that could be involved in N-N interaction.
The yeast two-hybrid assay was performed according to the manufacturer's instructions (Clontech). Full-length N protein and various N deletion mutants were cloned downstream of the DNA binding domain contained in plasmid pGBT9, whereas the full-length N and P proteins were fused to the DNA activation domain of plasmid pGAD424. These two hybrids were expressed in yeast cells (Saccharomyces cerevisiae strain SFY 526) containing the reporter gene lacZ. The resulting fusion protein had the activation\binding domain fused to the N terminus of the viral protein.
The N-and C-terminal deletion mutants of the N gene of BRSV strain A51908 (Samal et al., 1991) were constructed by PCR amplification using internal primers. Internal deletion mutants were generated by the overlap extension procedure using two-step PCR (Ho et al., 1989) . All N gene mutants were sequenced in their entirety and confirmed for correct expression by in vitro transcription and translation using the rabbit reticulocyte lysate system (Promega). All N protein deletion mutants are depicted in Fig. 1 . After cotransfection of the yeast cells with pGBT9-N and pGAD424-N or pGAD424-P, recombinant yeast cells were assayed for activation of the lacZ reporter gene using both filter (qualitative) and liquid (quantitative) assays. Liquid assays allowed quantification of β-galactosidase activity and gave an estimation of the strength of the interaction.
When pGBT9-N\pGAD424-P were transfected alone into the competent yeast cells, no β-galactosidase activity was detected. This indicated that neither P protein nor N protein has any transactivation ability of its own. However, when pGBT9-N and pGAD424-P were cotransfected, a high level of β-galactosidase activity was detected. This reconfirmed our earlier findings that N and P proteins associate strongly with each other. One requirement for the yeast two-hybrid assay is the necessity for the fusion proteins to localize in the nucleus of yeast cells. An efficient interaction of N and P proteins indicated colocalization of the fusion proteins in the nucleus. We presume that small mutations in the N protein would not affect the ability of the mutant N proteins to localize in the nucleus of yeast cells and, therefore, would not affect the results of this study.
In order to identify the regions of N protein required for interaction with P protein, the various N protein deletion mutants were tested for their interaction with P protein. The β-galactosidase activity generated from each of these interactions is depicted in Fig. 2 . Deletions of the eight amino acids at the C-terminal end of the N protein (mutant N∆384-391) completely abolished the interaction with P protein. Larger deletions of up to 32 amino acids (mutants N∆376-391 and N∆360-391) behaved similarly to mutant N∆384-391. On the other hand, a deletion of 32 amino acids at the N terminus (mutant N∆1-32) was tolerated. Deletion of a further eight amino acids (mutant N∆1-40) at the N terminus abolished the interaction. Thus, 32 amino acids can be removed from the N terminus of the N protein without appreciably affecting N-P interaction, whereas removal of even eight amino acids at the C terminus is detrimental to this activity. A similar study of N-P interaction in pneumonia virus of mice, a pneumovirus, has also suggested that the C-terminal end contributed more than the N-terminal end to N-P interaction (Barr & Easton, 1995) . Many studies in non-segmented negative-strand viruses have indicated that the nucleocapsid protein folds into a globular body with an exposed C terminus and that this exposed region interacts with the P protein (Buchholz et al., 1994 ; Curran et al., 1993 ; Homann et al., 1991 ; Ryan et al., 1993) . Considering that the interaction of BRSV N and P proteins is wholly conformational, it is possible that the C-terminal deletion of N protein would perturb the ability of a distant site to interact with P protein. Removal of the N terminus may not significantly alter this conformation.
Interestingly, while the C-terminal deletion of N protein ablated N-P interaction, the interaction was restored by a second deletion at the N terminus of N protein. All three mutants which had N-and C-terminal deletions (N∆1-8&384-391, N∆1-16&376-391 and N∆1-32&360-391) interacted with P protein. It is possible that removal of the N terminus from C-terminally deleted mutants could allow previously sequestered regions to acquire the proper conformation for efficient interaction.
The interaction with P protein of four different internally deleted N proteins (mutants N∆32-111, N∆110-189, N∆188-267 and N∆270-351), covering the entire central region of the N protein, was investigated. These internally deleted N protein mutants did not interact with P protein.
These results indicate that large segments of N protein are likely to be involved in N-P interaction. Previous studies in pneumonia virus of mice (Barr & Easton, 1995) and HRSV (Garcia-Barreno et al., 1996) have also shown that large segments of N protein are essential for interaction with P protein. It is also likely that deletions within the globular body of N protein could be perturbing folding and interfering with the interacting surfaces.
In order to reconfirm our findings relating to N-P interaction in mammalian cells, we used the vaccinia virus T7 based system to express N and P proteins in HeLa cells and coimmunoprecipitation to analyse the interaction. Selected deletion mutants of N protein -two N-terminal deletion mutants (N∆1-8 and N∆1-40), two C-terminal deletion mutants (N∆384-391 and N∆360-391), two N-and C-terminal deletion mutants (N∆1-8&384-391 and N∆1-32&360-391) and four internal deletion mutants (N∆32-111, N∆110-189, N∆188-267 and N∆270-351) -were examined for interaction with full-length P protein. All the relevant genes of interest were cloned in the pGEM-7Z(k) vector (Promega), downstream of the T7 promoter. The plasmids containing the genes of interest were cotransfected into HeLa cells and subsequently infected with recombinant vaccinia virus (vTF7-3) expressing T7 polymerase. Twelve hours later, the cells were labelled with [$&S]methionine for 6 h and lysed with radioimmunoprecipitation assay buffer. The cell lysates were precipitated with a specific antiserum and were analysed by SDS-PAGE on a 12n5 % gel. Initially, the proteins were immunoprecipitated by utilizing separately both N-specific and P-specific antisera. All control cell lysates transfected either with P gene or N gene mutants were specifically precipitated with the respective antiserum, indicating the expression and stability of the proteins in HeLa cells. Interestingly, N-specific antiserum failed to precipitate full-length and deleted N proteins involved in N-P complexes. The inability of N-specific antiserum to precipitate N-P complexes may be due to loss of epitopes in the N proteins as a result of N-P complex formation. However, when N-P complexes were precipitated by the use of P-specific antiserum, significant amounts of N protein were coimmunoprecipitated. Therefore, P-specific antiserum was utilized in coimmunoprecipitation assays of N-P interactions. The results of the immunoprecipitation assay were similar to those obtained with the yeast two-hybrid system, indicating, probably, a similar pattern of N-P interaction in mammalian cells (Fig. 3) . Three of the N protein deletion mutants (N∆1-8, N∆1-8&384-391 and N∆1-32&360-391) tested for interaction with full-length P protein coimmunoprecipitated with P protein ; however, none of the N proteins with internal deletions (N∆32-111, N∆110-189, N∆188-267 and N∆270-351) and neither of the two N proteins with Cterminal deletions (N∆384-391 and N∆360-391) coimmunoprecipitated with P protein. Since the expression and stability of the mutant N proteins were confirmed, failure to detect the N proteins by coimmunoprecipitation with P protein demonstrated a lack of association between P protein and the N protein mutants.
The interaction between N proteins was also studied using the two-hybrid system. The binding affinity between fulllength BRSV N proteins was much weaker than N-P interactions. We used the same N-deletion mutants used for studying N-P interactions in our assay for detecting interactions with the full-length N protein. The β-galactosidase activities produced as a result of the N-N interactions are depicted in Fig. 2 . Surprisingly, N-and C-terminal mutants showed a much higher binding affinity than found for interaction of full-length N proteins. The interactions of N∆1-8&384-391 and N∆1-32&360-391 with full-length N protein produced β-galactosidase activities five and seven times higher than the interaction between full-length N proteins. The reason for this increased binding is not clear, but it indicates that removal of sequences from the N and C termini is probably inducing a conformational change in N protein which is overcoming any impediment to N-N interaction of full-length N proteins. However, none of the four internal deletion mutants of N protein (N∆32-111, N∆110-189, N∆188-267 and N∆270-351) showed any interaction with full-length N protein. Thus, the N-N interacting domains are sensitive to disruption of any of the internal regions, which ablates the interaction totally, and to the removal of either or both the ends, which increases the strength of interaction strength several-fold compared to that of the full-length N proteins. The regions of the N protein required for N-N interactions are poorly characterized in most nonsegmented negative-strand RNA viruses. Studies with Sendai virus (Buchholz et al., 1993 ; Curran et al., 1993) and measles virus (Bankamp et al., 1996) have examined the ability of various mutants of nucleocapsid protein to form nucleocapsid-like particles and the ability of these particles to function as templates for RNA replication. These studies have revealed that while removal of the first 400 amino acids abolished the formation of nucleocapsid-like particles and encapsidation of RNA, deletions at the C terminus resulted in proteins that could form nucleocapsid-like particles but not serve as the template for RNA replication. Thus, in Sendai and measles viruses, the N-terminal two-thirds are important in N-N interactions and RNA encapsidation and the C-terminal onethird is important in binding to polymerase complex (P-L). Whether a similar situation exists in BRSV can only be answered by studies involving interactions of various components of the RNP complex.
How well our results correlate with the interaction occurring naturally in virus-infected cells can only be determined in studies that analyse interactions in the presence of all the nucleocapsid proteins, cellular components and viral RNA. Meanwhile, site-directed mutagenesis coupled with protein-protein interactions could help define and map more accurately the nature of individual domains.
